Accurate and dynamic control of the operating point of an interferometric optical sensor to produce the highest sensitivity is crucial in the demodulation of interferometric optical sensors to compensate for manufacturing errors and environmental perturbations. A grating-assisted operating-point tuning system has been designed that uses a diffraction grating and feedback control, functions as a tunablebandpass optical filter, and can be used as an effective demodulation subsystem in sensor systems based on optical interferometers that use broadband light sources. This demodulation method has no signaldetection bandwidth limit, a high tuning speed, a large tunable range, increased interference fringe contrast, and the potential for absolute optical-path-difference measurement. The achieved 40-nm tuning range, which is limited by the available source spectrum width, 400-nm͞s tuning speed, and a step resolution of 0.4 nm, is sufficient for most practical measurements. A significant improvement in signal-to-noise ratio in a fiber Fabry-Perot acoustic-wave sensor system proved that the expected fringe contrast and sensitivity increase.
Introduction
Fiber-optic interferometers, especially fiber FabryPerot interferometers ͑FFPI͒, have found increased applications in the past decade for the detection and measurement of a large variety of physical parameters, such as temperature, [1] [2] [3] [4] vibration, 1, 5 pressure, 3, 4, 6, 7 acoustic waves, 1,5,8 -11 and strain. 12, 13 Many interferometric sensors operate over the linear region of an interference fringe. 1, 3, 4, 8, 9, 11 Compared with sensors that use fringe counting, 5, 9, 11 sensors that operate in the linear region have the advantages of a linear transfer function, no ambiguity in fringe direction, simple signal processing, and highest sensitivity at the quadrature point ͑Q point͒. They are, therefore, suitable for detection of small optical path differences ͑OPDs͒ and wideband applications. However, confining the operation to the linear region places difficult manufacturing constraints on the sensor head by requiring that the initial cavity length be positioned at the Q point or sometimes at one end of a linear region of the transfer function. 6 The sensors also suffer from signal fading caused by environmental perturbations, such as temperature changes, which may drive the sensors out of the linear region. The drifts are even more critical for Fabry-Perot ͑F-P͒ sensors; medium-or high-finesse F-P cavities are often necessary for higher measurement sensitivity 1, 11 because of their steeper fringe slopes. Therefore, poor control of the operation point has been a major factor that limits the practical application of interferometric optical sensors in the sensor industry.
Several techniques have been developed by various researchers to stabilize the Q point, for example, intentionally applying an acoustic bias, 1 tuning the static OPD in stages, 14 and using a tunable light source, 8, 9 quadrature phase-shifted demodulation or dual-wavelength interrogation, 5, 6, 12, 15 or direct spectrum detection. 6, 13, 16, 17 In the acoustic bias method, the low-frequency component output of a FFPI acoustic-wave sensor was compared with a constant voltage corresponding to the setting operating point, and the difference was used to adjust the acoustic bias through a voice coil. This method does compensate for environmental drifts, but adjusting the operating point with a voice coil limits its use only to acoustic detection, and the coil may cause extra noise. A static OPD is tuned in a Mach-Zehnder interferometer by use of a fiber stretcher. The quadrature point nearest maximum visibility can be locked with a feedback-control servo system, and a temperature drift from 25°C to 55°C has been successfully compensated for. However, tuning the OPD may cause excess power fluctuation in the fiber, and it is not suitable for use with sensors with F-P interferometers. Adjusting the operating point by changing the bias current of a tunable laser diode is another effective approach that has been used by many researchers. The disadvantages of using a tunable laser are its optical power fluctuation, high sensitivity to backreflection, laser mode hopping, and high cost. Quadrature phase-shifted demodulation, or dualwavelength interrogation, was originally developed by Murphy et al. 12 to solve problems of a nonlinear transfer function and directional ambiguity in extrinsic F-P sensors, but it may also be used for the demodulation of sensors operating in the linear regions. However, it is possible that both channels operate away from their optimal Q points at the same time, even if a 90°phase shift can be maintained during the measurement, which is as hard as to control the operating point itself.
Strictly speaking, the spectrum detection method should not be categorized into a kind of operatingpoint stabilizing method, though linear response can be achieved. 13 Direct spectrum detection uses a diffraction grating or a Fizeau interferometer, and the modulated broadband spectrum is detected by a CCD array and analyzed by a signal-processing unit. This procedure is also called white-light interferometry and actually does not need to control the operating point of an interferometric sensor. It provides an absolute and accurate value of the OPD in a sensing interferometer and is insensitive to power and spectral fluctuations of the light source. Its major disadvantage is that it is not suitable for real-time detection of broadband signals such as acoustic waves and high-frequency pressure because a large amount of time is required for processing the huge amounts of data from a CCD array. Another disadvantage of spectrum detection is its high cost, especially for sensors operating in the near-infrared region, where expensive detector arrays must be used.
In this paper we present an alternative demodulation technique with operation-point tuning by use of a diffraction grating with feedback control, called grating-assisted operating-point tuning ͑GA-OPT͒. This demodulation method has no ac bandwidth limit, a high tuning speed, a large tunable range, increased interference fringe contrast, and the potential for absolute optical-path-difference measurement. An experiment in which a fiber F-P acoustic-wave sensor system is used to prove the feasibility of the design is also presented.
Wavelength Dependence of Operation Points
Interferometric-intensity-based detection is a widely used demodulation technique in optical interferometric sensors such as fiber F-P interferometers, MachZehnder, and Sagnac sensors. When a monochromatic light of wavelength is used to interrogate the sensors, the optical intensity of the twobeam interference between the sensing beam and the reference beam can be expressed as
where I 1 and I 2 represent the optical intensities of the sensing beam and the reference beam, respectively, and
is the phase difference caused by the OPD nl between the two beams, where n is the refractive index of the medium and l is the physical path difference. The optical intensity arriving at the photodetector is a simple cosine function, called interference fringes, of nl, which is a function of perturbations in the measurant and the background. Obviously, sensors have zero sensitivity at the peaks or the valleys of the fringes, and the maximum sensitivity and the most nearly linear response at the Q points, where ϭ ͞2 ϩ m, m ϭ 0, 1, 2, . . . . It is of absolute advantage to design a sensor operating at the Q points for the highest sensitivity and the lowest signal distortion. However, any sensor fabrication tolerance, temperature-induced drift, or other environmental perturbation can easily drive a sensor away from the Q points. Notice that the interference fringes and thereby the Q points are wavelength dependent for all interferometers; one may dynamically control the operation points by tuning the wavelength of the interrogation lights to compensate for the phase drifts, that is,
where ⌬ ͑nl ͒ and ⌬ are the phase changes caused by environmental disturbance ͓⌬͑nl ͔͒ and wavelength tuning ͓⌬͔. Usually nl is at least 1 order larger than , which means that a large drift can be compensated for by a relatively small change in the wavelength. The wavelength tuning can be achieved by use of a tunable laser, though this may cause some problems such as optical power fluctuation and sensitivity to backreflections. For a broadband light source, the wavelength dependence of the interference fringe is much more complex than for a monochromatic source. The interference fringes are determined not only by the central wavelength but also by the spectrum width of the interrogation lights. The total optical intensity arriving at the photodetector has to be computed by integration over the whole spectrum of the light source. Figure 1 is a theoretical calculation of the wavelength dependence of the interference fringes at three cavity lengths ͑L0͒ of a low-finesse FFPI sensor, 11 where a 1300-nm light source of a 35-nm ͑3-dB͒ spectral width was used, the output was normalized to the source intensity distribution, and the bandwidth of the interrogation lights was limited to 2⌬ ϭ 10 nm. For example, if the OPD, for any reason, changes from L0 ϭ 15.05 to 15.15 m, one can track the operation point by tuning the central wavelength from 1.296 to 1.304 m. The central wavelength of the interrogation light can be tuned by use of GA-OPT, as is discussed in Section 3.
Grating-Assisted Operation-Point Tuning
A schematic illustration of a white-light interferometric sensor system based on GA-OPT is shown in Fig. 2 . Operation-point tuning is achieved with two collimators, a diffraction grating, a short piece of multimode fiber ͑MMF͒, a photodetector, a preamplifier, a computer with a data-acquisition card, and a motorized rotary stage and its driver. The light from a broadband source is launched into a single-mode fiber ͑SMF͒, propagates through a 3-dB coupler, and arrives at an interferometric sensor, where it is modulated by the perturbation measurand. The phase-modulated light propagates back through the same 3- Instead of a SMF or a detector, a short MMF is used to increase the reception area and to facilitate the spectrum monitoring with an optical spectrum analyzer. The MMF can be removed and the detector can be placed on the focal point of the receiving collimator with a penalty of less flexibility. A transimpedance preamplifier converts the photocurrent into voltage, and a subsequent divider separates the signal into dc and ac components, which are amplified and filtered further. A computer with a dataacquisition card is used to record and to calibrate the dc and ac signals. The calibration reference, a representation of the original optical intensity distribution, is an output-position curve obtained by scanning of the whole wavelength range with a cleaved fiber, instead of a sensor, connected.
The calibrated ac signals directly represent the absolute value of the ac information of the measurand, and the frequency response is limited only by the sensor head and the bandwidth of the electronics. The calibrated dc signals represent the current operation point on the transfer function. Ideally, this dc voltage ͑V͒ should to be equal to the setting point ͑V 0 ͒, most likely the Q point. However, any change in manufacturing tolerance and environment may cause an undesired change of the OPD of the sensor and thereby a drift of dc voltage V. The difference ⌬V between the dc output and the setting point is the control signal that can be used to adjust the position of the grating, and therefore the central wavelength of the interrogation lights, through a motorized rotary stage. By this feedback control, the optimal operation point can be dynamically maintained, and the dc signal may also be recovered from the position of the grating if environmental effects can be determined. Obviously, the tuning range is limited only by the source spectrum, and the dc accuracy is limited by the resolution and the repeatability of the rotary stage.
According to the grating equation, the relationship between the incident beam and the Ϫ1st diffracted beam can be expressed as
where A is the incident angle of the light beam from the input collimator to the normal of the grating surface, B is the angle of the Ϫ1st diffraction to the normal of the grating surface, is the wavelength of light in air, and d is the groove spacing of the grating.
Assuming that a lens of focal length f is used in the receiving collimator, we can calculate B from Fig. 3 gives the calculated angular tuning range for wavelength tuning from 1280 to 1320 nm and the resultant change in receiving bandwidth. An angular change of 1.2°is enough for scanning a wavelength range of 40 nm, and a bandwidth error of ϳ3.5% may result. This bandwidth error may induce an error in the optical intensity distribution from the original light source distribution that one can easily compensated for by scanning the whole spectrum range and storing the new intensity distribution during the reset. Obviously, finer tuning or smaller ⌬ can be achieved, with a penalty of higher insertion loss, by use of smaller-diameter fiber D or a longer focal length f if the groove spacing, incident angle A, and diffraction angle B have been determined.
Experiments
To verify the feasibility of operation-point tuning we designed and fabricated GA-OPT, as shown in Fig. 4 . A holographic diffraction grating of 750 grooves͞mm was glued onto a motorized rotary stage. The motor has a step resolution of 0.2 mrad and a rotation speed of 2 rpm, which means that a central wavelength resolution of 0.38 nm and a tuning speed of 400 nm͞s can be achieved. Collimator I is the input collimator, and collimator II is the output collimator, which has a focal length of 25 mm. The input SMF is connected to an interferometric optical sensor, and the output 200 -230-m MMF is connected to an optical receiver. The control interface board interconnects the motor and the motor controller.
In Fig. 5 are shown the spectra received by the detector at various grating positions or central wavelengths ͑1276.4, 1288.0, 1298.0, 1307.9, and 1317.9 nm͒ and the original spectrum of the superluminescent light-emitting diode ͑SLED͒, where the sensor was replaced with a cleaved SMF. A 1296-nm SLED with a spectral width of 35 nm was used as the broadband source. Scanning the grating at an angle of 1.2°achieved a central wavelength change of 40 nm. This agrees well with the theoretical calculation given in Fig. 3 . The resultant spectrum bandwidth ͑FWHM͒ is 4.30 -4.65 nm, an average of 0.7 nm less than the theoretical results. This difference is believed to be caused by misalignment between the 25-mm lens in collimator II and the 200 -230-m MMF as well as by the relatively small aperture of collimator II. The total insertion loss is ϳ11 dB. As mentioned in Section 3, a trade-off must be made between large bandwidth for high optical power and small bandwidth for high fringe visibility and high resolution of operation-point tuning.
The wavelength scan outputs of a FFPI sensor and the theoretical results in atmospheric pressure are shown in Fig. 6͑a͒ . The peak amplitudes are unequal because of the Gaussian spectrum distribution of the 1296-nm SLED source. The peak position differences between the experimental results and the theoretical calculation are caused by cavity-length measurement error, whereas the amplitude differences are believed to be caused by the offset of the spectrum distribution from the ideal Gaussian distribution used for the calculation and by misalignment of GA-OPT or of the sensor's F-P cavity. Figure 6͑b͒ gives the scan outputs of a FFPI sensor in the atmospheric environment and under 50 cm of water normalized to the source spectrum. A Q-point drift of ϳ3 nm resulted from the 50-cm static water pressure.
Obviously there is more than one Q point on the fringes, but only those two Q points on the highest fringe have the best signal-to-noise ratio and thereby are suitable as optimal operation points. A diaphragm-based FFPI acoustic-wave sensor 11 was chosen to test the performance of the developed GA-OPT in practical applications. This sensor was designed for partial-discharge detection in power transformers. Because this sensor was fabricated by use of thermal fusion bonding, which might cause large cavity-length error and may suffer from high static pressure in a transformer tank full of mineral oil, operation point control has been a major challenge, and very low sensitivity may result. A scan output of this sensor in an acoustic-wave test setup is given in Fig. 7͑a͒ . The acoustic-wave outputs at marked points A-E in Fig. 7͑a͒ are shown in Fig. 7͑b͒ , along with that from a sensor system without GA-OPT. Obviously, the original system has a low signal-to-noise ratio ͑SNR͒ because of the short coherence length of the SLED source compared with the sensor's cavity length, the unknown operation point, or both. When GA-OPT is used, the sensor performs differently at different operation points. At points A and C the Q points of the interference fringes, the sensor has the best SNR, which is attributed to the highest sensitivity of the Q point and the increased fringe contrast. An improvement of ϳ15 dB in SNR compared with that of the original sensor can easily be achieved, even if the original sensor was operating at its Q point. The sensor's SNR has only moderate improvement at points D and E, though they are Q points too, because of the lower fringe slope at D or the low absolute optical intensity at E, both caused by the nonflat SLED spectrum. The sensor has the lowest SNR at B because of the zero sensitivity at the fringe peaks ͑or valleys͒. Therefore points A and C are the ideal operation points of this FFPI sensor. We also observed that the acoustic-wave outputs at these two points have different polarities and different dynamic ranges that may be sensitive for some measurements. When the operation point is determined, the last task is to maintain the sensor operation at the setting point. This can easily be achieved by the feedback-control system shown in the system diagram of Fig. 2 . A signal-processing system that uses a computer and a data-acquisition card makes data recording and calibration easy and fast.
Discussion
In conclusion, an effective demodulation technique has been developed for dynamic compensation of manufacturing errors and environmentalperturbation-induced drifts in interferometric sensors. The total effect of all low-frequency drifts, including dc signals, in the sensor system can be measured by the position of the diffraction grating. The dc signals may be recoverable if other effects, such as temperature, are known or can be measured. If such is the case, the dc dynamic range of the sensor system can be greatly increased and is limited only by the source bandwidth. Obviously, the GA-OPT does not impose any limit on the ac signal, and the frequency response of the sensor system depends only on the sensor probe itself and the electronic bandwidth.
In addition to operation-point control, GA-OPT brings another benefit to the demodulation system, namely, improved sensitivity. The improvement comes from the reduction of the bandwidth of the interrogation lights and thereby from the increase of the interference fringe contrast. 11 Although the fringe contrast is still smaller than that of a sensor system with a laser source, this demodulation approach retains all the advantages of a white-light system over a laser system.
The potential for absolute OPD measurements is another important feature of GA-OPT. By scanning the wavelength, one may calculate the absolute OPD between the sensing channel and the reference channel from the scanning output, as was done by Egorov et al. with a spectrometer and a CCD array. 16 Compared with the method described in Ref. 16 , the advantage of the GA-OPT is greatly reduced cost, especially for sensors operating in the near-infrared region.
